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The ra di a tion haz ards of five kinds of dif fer ent solid me tal lic tail ings col lected from
Shangluo, China were de ter mined on the ba sis of nat u ral ra dio ac tiv ity mea sure ments us ing
low back ground mul ti chan nel gamma ray spec trom e try. The ac tiv ity con cen tra tion of 226Ra,
232Th and 40K in the tail ings ranged from 5.1 to 204.3, 3.8 to 28.5, and 289.6 to 762.3 Bq/kg, 
re spec tively. The ra dium equiv a lent ac tiv i ties and the ex ter nal haz ard in dexes of all stud ied
me tal lic tail ings were be low the in ter na tion ally ac cepted value of 370 Bq/kg and unity, re spec -
tively. The in ter nal haz ard in dex of va na dium tail ings ex ceeded unity, while the in ter nal haz -
ard in dexes of other an a lyzed me tal lic tail ings were less than unity. The in door air ab sorbed
dose rate val ues for all stud ied me tal lic tail ings ex cept lead-zinc tail ings and gold tail ings were
higher than the world pop u la tion-weighted av er age of 84 nGy/h and the an nual ef fec tive dose 
val ues of all me tal lic tail ings ex cept for va na dium tail ings were lower than 1 mSv. The study
showed that va na dium tail ings pres ent a ra di a tion haz ard and their us age as build ing ma te ri -
als should be re stricted.

Key words: me tal lic tail ing, build ing ma te rial, nat u ral ra dio ac tiv ity, ra di a tion haz ard,
ra dium equiv a lent ac tiv ity

IN TRO DUC TION

Me tal lic tail ings are the res i dues from the ex trac -
tion of metal from the crushed and ground ores. The ef -
flu ent and tail ings from the mill are dis charged as
slurry to a waste-re ten tion pond for dis posal. When
the ores are of a low grade, the ma jor ity of the ton nages 
of ores pro cessed at the mill is dis posed as tail ings.
Metal min eral re sources are abun dant in Shangluo of
the Shaanxi prov ince, China, so af ter pro cess ing,
plenty of me tal lic tail ings are pro duced ev ery year in
Shangluo and stored in tail ings res er voirs. Such
underutilization of the me tal lic tail ings not only places 
a heavy eco nomic bur den of waste man age ment on the 
min ing in dus try, but also brings about se vere en vi ron -
men tal prob lems and eco log i cal risks in the min ing re -
gions [1-3]. Me tal lic tail ings can pol lute soil due to
dust emis sions re sult ing from sur face ero sion [4-6]
and can con tam i nate wa ter due to the leach ing of
heavy met als or ra dio ac tive met als [7-9]. Mine drain -
age is the main source and trans fer path way of
radionuclides to plants [10-13] and even pol lutes the

diet near the min ing and mill ing tail ings re gion
[14-16]. 

Us ing tail ings to pro duce build ing ma te ri als not
only can re al ize zero-emis sion of tail ings wastes, but
also could of fer a new raw ma te rial for the build ing in -
dus try. Con struc tion ma te ri als pro duced from me tal lic 
tail ings can be used as a sub sti tute for con ven tional
build ing ma te ri als with the ben e fits of farm land con -
ser va tion, en vi ron men tal pro tec tion and en ergy sav -
ing [17]. Now a days, more and more me tal lic tail ings
are used to pro duce con struc tion ma te ri als, such as en -
gi neered cementitious com pos ites [18], mor tar [19],
con crete [20, 21], bricks [22-27], etc. How ever, these
kinds of build ing ma te ri als can pose ra di a tion risks to
res i dents. There fore, it is nec es sary to de ter mine the
nat u ral ra dio ac tiv ity level of me tal lic tail ings when
they are used as build ing ma te ri als. De ter min ing the
ra dio ac tiv ity of me tal lic tail ings is im por tant for the
as sess ment of pop u la tion ex po sure to ra di a tion. Fur -
ther more, the knowl edge of this ra dio ac tiv ity can help
to set the stan dards and na tional guide lines for the use
and man age ment of such me tal lic tail ings and as sess
the as so ci ated ra di a tion haz ard to the peo ple. To our
knowl edge, the nat u ral ra dio ac tiv ity of Shangluo me -
tal lic tail ings has not been in ves ti gated. The aims of
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this study are to in ves ti gate the ac tiv ity con cen tra tion
of nat u ral radionuclides in the main me tal lic tail ings of 
Shangluo and eval u ate the as so ci ated ra di a tion haz -
ards to in di vid u als by us ing a ra dium equiv a lent ac tiv -
ity, ex ter nal and in ter nal haz ard in dexes, in door air ab -
sorbed dose rate and an nual ef fec tive dose. Re sults
would pro vide ba sic in for ma tion for the safe use and
man age ment of me tal lic tail ings.

MA TE RI ALS AND METH ODS

Sam ples 

Five types of tail ings of metal from the min ing
plant in Shangluo of north west ern China, i. e., mo lyb -
de num tail ings (MoT), va na dium tail ings (VT), gold
tail ings (AuT), iron tail ings (FeT), and lead-zinc tail -
ings (PbZnT), were in ves ti gated. Four to six sam ples
of each type of the in ves ti gated me tal lic tail ings were
col lected from the lo cal tail ings ponds and about 1 kg
tail ings were col lected for each sam ple. All sam ples
were crushed and milled to pass through a 1 mm mesh,
then ho mog e nized and dried in an oven at 105 °C un til
they reached a con stant mass. The pre pared sam ples
were weighed and her met i cally sealed in ra don im per -
me able  poly eth yl ene con tain ers (7.0 cm height and
6.5 cm di am e ter) and stored for 4 weeks to en sure that
ra dium, tho rium, and their short-lived prog e nies were
in the sec u lar equi lib rium [28].

Ra dio ac tiv ity mea sure ment

A 3 ́  3 in. NaI(Tl) gamma ray spec tro met ric sys tem
with >8 % en ergy res o lu tion (137Cs 661.6 keV) was used
to de ter mine the con cen tra tions of nat u ral radionuclides
226Ra, 232Th, and 40K in the in ves ti gated me tal lic tail ings.
The de tec tor, housed in a cy lin dri cal shield with a thick -
ness of 10.5 cm and  a  height of 38 cm, was cou pled to a
1024 mi cro com puter multi-chan nel pulse height an a lyzer
and the sys tem was cal i brated for the g-en ergy range 50
keV to 3.2 MeV. Ac tiv ity con cen tra tions were av er aged
from photopeaks mea sured at sev eral g-ray en er gies. For
226Ra, the 609.3 and 1764.5 keV gamma lines, emit ted
from 214Bi, were used. For 232Th, the gamma lines of 212Pb
and 208Tl at 238.6 and 2614 keV, re spec tively, were av er -
aged. 40K was mea sured di rectly through its gamma
photopeak at 1460.8 keV. 

The stan dard sources for 226Ra and 232Th (in a
sec u lar equi lib rium with 228Th) were pre pared by mix -
ing the known ac tiv ity con tents with the ma trix ma te rial 
of phthalic acid pow der. Analar grade po tas sium chlo -
ride (KCl) of a known amount of the same ge om e try
was used as the stan dard source of 40K. Sealed cy lin dri -
cal poly eth yl ene con tain ers were used to keep the pre -
pared stan dard sources. So the loss of gas eous daugh ter
prod ucts of 226Ra and 232Th which may lead to dis tur -
bance in the ra dio ac tive equi lib rium can be avoided.
Each sam ple was counted for 18 000 s and counted two
times be fore an av er age was cal cu lated [28].

Cal cu la tion of ra di a tion haz ard pa ram e ters

The ra dium equiv a lent ac tiv ity (Raeq), the ex ter -
nal haz ard in dex (Hex), the in ter nal haz ard in dex (Hin),
the in door air ab sorbed dose rate (D), and the an nual
ef fec tive dose (AED) were cal cu lated for all in ves ti -
gated me tal lic tail ings to as sess the as so ci ated ra di a -
tion haz ards us ing the equa tions [29-31]
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AED D= × × × × -8760 08 07 10 6. . (5)

where CRa, CTh, and CK are the ac tiv ity con cen tra tion
of 226Ra, 232Th, and 40K in Bq/kg, re spec tively, 0.8 is
the in door oc cu pancy fac tor, and 0.7 is the con ver sion
co ef fi cient (Sv/Gy) from the ab sorbed dose in air to
the ef fec tive dose re ceived by an in di vid ual. 

RE SULTS AND DIS CUS SION

Spe cific ac tiv ity

The range and mean value of 226Ra, 232Th, and
40K con cen tra tion in the in ves ti gated me tal lic tail ings
are shown in tab. 1. The ac tiv ity con cen tra tions of
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Ta ble 1. Ac tiv ity con cen tra tion [Bqkg–1] of 226Ra, 232Th, and 40K in me tal lic tail ings of Shangluo, China

Tail ings
226Ra 232Th 40K To tal ac tiv ity

Range Mean Range Mean Range Mean Range Mean

MoT 53.6-61.2 57.4 9.5-12.2 10.9 519.8-538.7 529.3 593.2-601.8 597.5

VT 182.7-204.3 193.4 8.5-11.6 10.0 415.9-551.5 466.6 631.4-742.8 670.0

AuT 15.5-15.9 15.7 20.3-28.5 24.4 516.3-561.1 538.7 560.7-596.9 578.8

FeT 16.6-31.7 23.9 9.3-17.9 13.6 716.9-762.3 737.7 751.2-802.3 775.2

PbZnT 5.1-5.3 5.2 3.8-4.2 4.0 289.6-304.3 297.0 298.5-313.8 306.2



226Ra, 232Th and 40K in the me tal lic tail ings ranged from 
5.1 to 204.3, 3.8 to 28.5, and 289.6 to 762.3 Bq/kg, re -
spec tively. The 226Ra con cen tra tions were higher than
the 232Th con cen tra tions in all tail ings, mo lyb de num
(MoT), va na dium (VT), iron (FeT), and lead-zinc
(PbZnT), ex cept in gold tail ings (AuT) where the 232Th
con cen tra tion is higher than the 226Ra con cen tra tion.
40K ac counts for 69.6 % to 97.0 % of the to tal ac tiv ity
con cen tra tion, i. e., it is the larg est con trib u tor to the to -
tal ac tiv ity con cen tra tion for all tail ings sam ples. Larger 
di ver sity of the nat u ral ra dio ac tiv ity level was found
among five dif fer ent me tal lic tail ings (tab. 1). The low -
est ac tiv ity con cen tra tions of 226Ra, 232Th, and 40K were 
found in PbZnT and all val ues were lower than the
world wide pop u la tion-weighted av er age value for soils 
(32, 45, and 420 Bq/kg for 226Ra, 232Th, and 40K, re -
spec tively, [31]). The mean 226Ra con cen tra tions of
MoT and VT are rel a tively high when com pared to the
world wide pop u la tion-weighted av er age value for soil,
while the mean 226Ra con cen tra tions of AuT and FeT
are lower than the av er age value of world wide soil. The
mean ac tiv ity con cen tra tions of 232Th in all in ves ti gated 
sam ples of tail ings were lower than the world wide pop -
u la tion-weighted av er age value for soil [31]. The mean
232Th con cen tra tion is high est in AuT, while val ues for
MoT, VT, and FeT are very sim i lar. The mean con cen -
tra tions of 40K in all in ves ti gated me tal lic tail ings ex -
cept for PbZnT were higher than the world wide pop u la -
tion-weighted av er age value for soil [31].

Ra di a tion haz ard of me tal lic tail ings

The ra di a tion haz ard aris ing from the use of me -
tal lic tail ings in the con struc tion of dwell ings was cal -
cu lated us ing equa tions given in the pre vi ous sec tion
and the re sults are pre sented in tab. 2. The high est Raeq

value of  252.6 Bq/kg was found in VT, but all Raeq

val ues  were  lower  than  the rec om mended limit of
370 Bq/kg for build ing ma te ri als [31]. The cal cu lated
val ues of Hex for the me tal lic tail ings are well be low
unity rang ing from 0.088 in PbZnT to 0.683 in VT,

while the Hin val ues ex ceed unity only for VT sam ples
(tab. 2). The rel a tive con tri bu tions of 226Ra, 232Th, and
40K to Hin for all in ves ti gated me tal lic tail ings were es -
ti mated and the re sults are shown in fig. 1. 226Ra is the
larg est con trib u tor to Hin in VT (88 %) and these high
226Ra ac tiv ity con cen tra tions im ply a high re lease of
222Rn, which can en ter the hu man body through in ha -
la tion and can cause in ter nal ra di a tion ex po sure
through Rn and its short-lived de cay prod ucts. The es -
ti mated D val ues for the in ves ti gated me tal lic tail ings
range from 32.0 nGy/h in PbZnT to 233.8 nGy/h in
VT. The D val ues of MT, VT, and FeT are sig nif i cantly 
higher than the world pop u la tion-weighted av er age
in door ab sorbed gamma dose rate of 84 nGy/h [31],
while the D val ues of PbZnT and AuT are lower than
and close to the world pop u la tion-weighted av er age
in door ab sorbed gamma dose rate, re spec tively. The
cal cu lated val ues of AED due to gamma ray emis sion
from 226Ra, 232Th, and 40K in the stud ied me tal lic tail -
ings range from 0.157 mSv in PbZnT to 1.147 mSv in
VT (tab. 2). All in ves ti gated me tal lic tail ings ex cept
for VT have the AED val ues  lower than the rec om -
mended limit of 1 mSv for build ing ma te ri als [30]. The 
higher AED val ues for VT sam ples are mainly due to
the con tri bu tion of the higher 226Ra con cen tra tion in
the sam ples, which con trib utes about 79 % to AED
(fig. 2). 
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Ta ble 2. The cal cu lated value of the ra dio log i cal haz ard in dex in me tal lic tail ings of Shangluo, China

Tail ings Sta tis tics Raeq [Bqkg–1] Hex Hin D [nGyh–1] AED [mSv]

MoT

Min 108.7 0.294 0.439 102.9 0.505

Max 118.7 0.321 0.486 111.3 0.546

Mean 113.7 0.307 0.462 107.1 0.525

VT

Min 232.2 0.628 1.121 216.2 1.060

Max 252.6 0.683 1.235 233.8 1.147

Mean 243.7 0.658 1.181 226.3 1.110

AuT

Min 87.7 0.237 0.297 81.4 0.399

Max 96.4 0.260 0.303 87.2 0.428

Mean 92.0 0.248 0.291 84.3 0.414

FeT

Min 97.1 0.262 0.307 92.1 0.452

Max 102.7 0.277 0.363 99.5 0.488

Mean 100.2 0.271 0.335 96.0 0.471

PbZnT

Min 32.8 0.088 0.108 32.0 0.157

Max 34.6 0.094 0.102 33.8 0.166

Mean 33.7 0.091 0.105 32.9 0.161

Fig ure 1. The rel a tive con tri bu tion of 226Ra, 232Th,
and 40K to Hin in me tal lic tail ings



CON CLU SIONS

Nat u ral ra dio ac tiv ity lev els and ra di a tion haz -
ards of var i ous tail ings (mo lyb de num, va na dium,
gold, iron, and lead-zinc) col lected from Shangluo,
China, were de ter mined in the pres ent study. Dif fer ent
types of me tal lic tail ings have di verse nat u ral ra dio ac -
tiv ity lev els. Va na dium tail ings from Shangluo have a
high 226Ra con cen tra tion, which can cause an in ter nal
ra di a tion and an nual ef fec tive dose to in di vid u als
above in ter na tion ally ac cepted lim its. Con se quently,
the use of these tail ings in the con struc tion of dwell -
ings should be re stricted, whereas other in ves ti gated
me tal lic tail ings in Shangluo can be safely used as
build ing ma te ri als and do not pose any sig nif i cant
source of ra di a tion haz ard. These study re sults pro vide 
the ba sic data of nat u ral ra dio ac tiv ity for the in ves ti -
gated me tal lic tail ings. In ad di tion, when lo cal build -
ing ma te ri als en ter prises use va na dium tail ings to pro -
duce other build ing ma te ri als such as brick and
con crete, etc., the ad di tive amount of va na dium tail -
ings should be noted and the nat u ral ra dio ac tiv ity of
the prod ucts should be mon i tored.
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sion and guide lines of X. Lu. All au thors dis cussed the
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Sukai @UANG, Ksinvei LU, Xiantao LI, Kian LI

RADIJACIONI  RIZIK  OD  METALNIH  OTPADAKA  U
^VRSTOM  STAWU  U [ANGLUOU  U  KINI

Na osnovu merewa prirodne radioaktivnosti niskofonskim vi{ekanalnim gama
spektrometrom utvr|en je radijacioni rizik pet vrsta metalnih otpadaka u ~vrstom stawu
sakupqenih u [angluou u Kini. Koncentracije aktivnosti 226Ra, 232Th i 40K u otpacima bile su u
opsezima: 5.1-204.3, 3.8-28.5 i 289.6-762.3 Bq/kg, respektivno. Aktivnosti ekvivalenta radijuma i
indeksi spoqa{weg rizika svih ispitanih metalnih otpadaka, ispod su me|unarodno prihva}enih
vrednosti od 370 Bq/kg i jedinice, respektivno. Indeks unutra{weg rizika otpadaka vanadijuma
prelazi jedini~nu vrednost, dok su indeksi unutra{weg rizika ostalih ispitanih metalnih
otpadaka ispod jedinice. Vrednosti ja~ina apsorbovanih doza ispitanih metalnih otpadaka, u
vazduhu u zatvorenim prostorijama, pove}ane su u odnosu na svetski prosek sa te`inskim faktorom
populacije od 84 nGy/h,  osim za otpatke olovo-cinka i zlata, a godi{we efektivne doze svih
metalnih otpadaka su ispod 1 mSv, osim za vanadijum. Istra`ivawe pokazuje da otpaci vanadijuma
predstavqaju radijacioni rizik te wegovu primenu u gra|evinskom materijalu treba zabraniti.

Kqu~ne re~i: metalni otpadak, prirodna radioaktivnost, radijacioni rizik,
                         aktivnost ekvivalenta radijuma


